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Molecular electronics uses a single molecule or self-assembled monolayer (SAM) as 
active component of electrical devices such as rectifier, transistor, switch, memory, circuit, 
etc. Its aim is to reach ultimate miniaturization of integrated electronic devices, surpassing 
the limitation of silicon based electronics. Molecular electronic devices have remarkable 
advantages such that functional molecules can be used as building-block with low cost, 
high throughput, and simple synthesis process. However, there are also many challenges in 
molecular electronics, because of its low device stability, reliability, and reproducibility. 
Furthermore, its charge transport nature and electrode-metal interface characteristics are 
not fully understood. Therefore, fabrication of reliable molecular electronics junctions and 
investigation of its charge transport characteristics are demanded for the practical 
molecular devices in future. 
In this regards, first, I fabricated high-yield and reliable benzenedithiolate molecular 
junctions with graphene electrodes and investigated the electrical properties of the 
junctions. I studied length- and temperature- dependent electrical properties of the 
molecular junctions, from which it was shown that the main conduction mechanism was 
non-resonant tunneling. Also I investigated the reliability of the junctions under mechanical 
bending environment. Then I observed inelastic electron tunneling spectroscopy (IETS) for 
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the benzene-1,4-dithiol (BDT) molecular junctions. 
Secondly, I conducted a research on BDT molecular junctions with p-doped graphene 
electrodes. The p-type doping of a graphene film was performed by treating pristine graphene 
(work function of ~4.40 eV) with trifluoromethanesulfonic (TFMS) acid, producing a 
significantly increased work function (~5.23 eV). From that, the enhanced charge transport 
properties were observed in the case of the TFMS-graphene electrode molecular junctions, 
as a result of a lowered charge injection barrier in the HOMO-dominating molecular 
junctions. 
Finally, I fabricated and characterized molecular junctions consisting of diarylethene 
(DAE) SAMs with graphene electrodes. DAE is a photochromic molecule that forms two 
different conductance states, i.e., a high conductance (closed state; ON) and a low 
conductance (open state; OFF) state. In this research, I found unidirectional photoswitching 
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Chapter 1. Introduction 
 
1.1. Brief introduction of Molecular Electronics 
Molecular electronics has been started with Aviram and Ratner with their 
theoretical research entitled “Molecular Rectifiers” in 1974 [1]. Modern science and 
technology have been developed by miniaturization, and a high density integration 
technology of semiconductor. However, in nanoscale, silicon based semiconductor 
technology is rapidly approaching its miniaturization limits due to a quantum interference 
effect, a quantum tunneling effect, an unstable doping problem, an overheating, etc. 
Seeking a new device to overcome these unavoidable limitations, molecular electronic 
devices are one of the most promising alternatives having extraordinary advantages 
compared to traditional devices [2-7]. First, countless number of degree of freedom 
inherent molecular structure can present numerously diverse functions including previous 
unavailable ones. Second, low cost of fabrication has an advantage to be industrialized in 
future. For the last, extremely reduced size of molecules may enable heightened capacities 
and faster performance. 
Based on this molecular electronics, it is possible to develop a new paradigm of 
nano-meter scale semiconductor technology. Consequently, Molecular electronics has 
potential for the future of next-generation electrical circuit units. Instead of utilizing the 
single molecules for an active device component. 
 
1.2. Electrical Characterization of Benzenedithiolate Molecular 
Junctions with Graphene Electrodes  
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The electrical characteristics of molecular electronic devices consisting of 
benzenedithiolate self-assembled monolayers and a graphene electrode have been 
investigated. Multilayer graphene electrode was used as a protective interlayer to prevent 
filamentary path formation during the evaporation of the top electrode in the vertical metal-
molecule-metal junction structure [8]. The devices were fabricated both on a rigid SiO2/Si 
substrate and on a flexible poly(ethylene terephthalate) (PET) substrate. Using these 
devices, we investigated the basic charge transport characteristics of benzenedithiolate 
molecular junctions in length- and temperature-dependent analyses. Additionally, the 
reliability of the electrical characteristics of the flexible benzenedithiolate molecular 
devices was investigated under various mechanical bending conditions, such as different 
bending radii, repeated bending cycles, and a retention test under bending. I also observed 
the inelastic electron tunneling spectra of our fabricated graphene-electrode molecular 
devices. Based on the results, we verified that benzenedithiolate molecules participate in 
charge transport, serving as an active tunneling barrier in solid-state graphene-electrode 
molecular junctions. 
 
1.3. Interface-Engineered Charge Transport in Benzenedithiol 
Molecular Junctions via Chemically p-Doped Graphene Electrodes 
In this study, I fabricated and characterized vertical molecular junctions consisting 
of self-assembled monolayers of benzenedithiol (BDT) with a p-doped multilayer graphene 
electrode. The p-type doping of a graphene film was performed by treating pristine 
graphene (work function of ~4.40 eV) with trifluoromethanesulfonic (TFMS) acid, 
producing a significantly increased work function (~5.23 eV) [9]. The p-doped graphene-
electrode molecular junctions statistically showed an order of magnitude higher current 
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density and a lower charge injection barrier height than those of the pristine graphene-
electrode molecular junctions, as a result of interface engineering. This enhancement is due 
to the increased work function of the TFMS-treated p-doped graphene electrode in the 
highest occupied molecular orbital-mediated tunneling molecular junctions. The validity 
of these results was proven by theoretical analysis based on a coherent transport model that 
consider asymmetric couplings at the electrode-molecule interfaces. 
 
1.4. Unidirectional Photoswitching of Diarylethene Molecular 
Junctions with Graphene Electrodes 
Vertical molecular junctions have been fabricated and characterized, consisting of 
self-assembled monolayers (SAMs) of diarylethene (DAE) contacted by a multilayer 
graphene (MLG) electrode on the top and gold on the bottom. The DAE molecular 
junctions show two stable electrical states, a closed state (high conductance) or an open 
state (low conductance), which are created upon illumination with UV or visible light, 
respectively [10-12]. For the Au-DAE-MLG junction structure, we observe that the current 
levels between the two conductance states are separated by two orders of magnitude. 
However, in a real-time measurement, we observe only unidirectional switching behavior 
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Chapter 2. Electrical Characterization of 




Molecular electronics, in which single molecules or molecular monolayers are used 
as active components of electronic devices, has been widely studied as the ultimate 
miniaturization of electronic devices [1-10]. Various attempts have been made to produce 
molecular junctions for the purpose of investigating the characteristics of charge transport 
in the molecular regime, using approaches such as mechanically controllable break 
junctions (MCBJs), electromigrated nanogap fabrication, scanning probe microscopy, the 
fabrication of eutectic gallium–indium (EGaIn) junctions, and various solid-state device 
fabrication methods [2, 9, 11-17]. In particular, vertical-type solid-state devices based on 
an evaporated metal-molecule-metal junction structure have received significant attention 
as a general test-bed platform for investigating the charge transport characteristics of 
molecular junctions. However, the direct metal evaporation process used to form the top 
electrode can easily create electrical shorts via the formation of filamentary paths through 
the molecules, which results in junctions that are unsuitable for characterization [18-24]. 
To solve this problem, various approaches have been proposed, for example, introducing 
an interlayer between the top metal electrode and molecular layers conducting polymer 
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), multilayer 
graphene (MLG), or reduced graphene oxide (rGO) [25-34]. In addition, novel fabrication 
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techniques in which the top electrode can be produced without causing damage to the 
molecular layer, such as direct transfer methods, have been proposed [35, 36]. The ultimate 
aim of these various approaches is to improve the reliability of molecular electronic devices. 
Among these methods, MLG-interlayer-based molecular junctions in particular offer 
various advantages by virtue of their graphene electrodes. Graphene is a two-dimensional 
sheet of carbon atoms with excellent electronic properties [37, 38]. It can be synthesized as 
large-area, flexible, and conductive films that are suitable for use as electrodes [39, 40]. 
Using such graphene films as interlayer electrodes in molecular junctions, a previous study 
demonstrated a high device yield and stability over a long period, accompanied by the 
capability of mass production, nontoxicity, and low contact resistance comparable to that 
of pure metal-molecule-metal junctions [29]. However, to date, only one kind of molecule 
(i.e., alkanethiolate) has been studied as a test-bed molecule for this type of molecular 
junction. In addition, the fabrication of graphene-interlayer molecular junctions on flexible 
substrates has not yet been demonstrated. It has only been demonstrated that molecular 
devices with a conducting polymer (PEDOT:PSS) interlayer can be fabricated using 
various kinds of molecules (alkanethiolates, diodes, and photoswitching molecules) on 
flexible substrates [26-28, 31, 34]. Furthermore, the inelastic electron tunneling 
spectroscopy (IETS) characteristics of graphene-interlayer molecular junctions has not yet 
been verified. Therefore, extending our understanding of graphene-interlayer molecular 
electronic devices is a great necessity. 
In this study, we report the electrical characteristics of molecular electronic devices 
fabricated from benzenedithiolate self-assembled monolayers (SAMs), both on a rigid 
SiO2/Si substrate and on a flexible poly(ethylene terephthalate) substrate. We used an MLG 
electrode as a protective interlayer to prevent electrical shorts in the vertical molecular 
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junction structure. We investigated the fundamental charge transport characteristics of the 
benzenedithiolate molecular junctions. In particular, the reliability of the electrical 
characteristics of the flexible molecular devices was studied under various mechanical 
bending conditions. Inelastic electron tunneling spectra of the graphene-interlayer 
benzenedithiolate molecular devices were also characterized. 
 
2.2. Experiments 
2.2.1. Device fabrication process 
 
 
Figure 2.1 (a) Schematic illustration of the device fabrication process for the graphene-
interlayer-electrode molecular junctions. Left: bottom electrode deposition and photoresist 
wall formation. Middle: SAM deposition and MLG transfer. Right: top electrode 
deposition and molecular device completion. (b) Optical, SEM, and TEM images of the 
molecular devices. (c) The three types of molecules with their chemical structures: BDT, 




Figure 2.1 shows a schematic illustration of the device fabrication process for our 
graphene-interlayer molecular junctions. We followed the same junction fabrication 
process that we have previously reported [19, 28, 29, 35]. In brief, the bottom electrodes 
(30 nm Au/5 nm Ti) were first patterned via a shadow mask using an electron beam 
evaporator operating at a rate of 0.2 Å/s on a p-type (100) SiO2/Si (300 nm) or a flexible 
poly(ethylene terephthalate) (PET) substrate. Then, optical lithography was used to create 
2 µm radius holes through walls of photoresist (AZ5214E from AZ Electronic Materials). 
Each sample was immersed for 3 hours in a 5 mM molecular solution diluted with ethanol 
in a N2-filled glove box, causing SAMs to form on the exposed Au surfaces. For this study, 
we chose three different benzenedithiolate molecules: benzene-1,4-dithiol (BDT), 
biphenyl-4,4’-dithiol (BPDT), and p-terphenyl-4,4’’-dithiol (TPDT). After the SAM 
deposition, an MLG film was transferred to cover the surface of each sample using the 
direct metal transfer (DMT) method, as we have previously reported [35]. To produce the 
MLG interlayer, an MLG film was first grown in a chemical vapor deposition (CVD) 
chamber on a Ni (300 nm) / Ti (10 nm) / Si substrate (under a gas flow of 15 sccm CH4 and 
20 sccm Ar/H2 at 20 Torr for 10 min at 900 ºC). After growth was complete, a layer of 
poly(methylmethacrylate) (PMMA, 950PMMA A5 from MicroChem Corp.) was spin 
coated onto the film as a dummy layer, and support tape was attached to the PMMA. Then, 
the Ni of the substrate was etched using an iron(III) chloride (FeCl3) aqueous solution. The 
MLG film was then placed onto the molecular layer to make contact through the van der 
Waals interaction. Afterward, a few drops of isopropyl alcohol (IPA) were applied to the 
molecular layer to form a fine contact via the surface tension of the IPA solution during its 
vaporization [41]. Then, the sample was dried for ~12 h, and the PMMA was removed with 
acetone. The top electrode was deposited in the same way as the bottom electrode (15 nm 
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thick Au), using the same patterned shadow mask, with the evaporator operating at a rate 
of 0.1 Å/s. Finally, the remaining MLG film was removed by means of an oxygen plasma 
treatment under 10 sccm of O2 gas at 50 W of forward power to prevent the formation of 
any direct pathway though the top and bottom electrodes. Detailed schematic of fabrication 










2.2.2 IETS measurement setup 
IETS measurements were performed at 4.2 K using a custom-made cryogenic 
vacuum chamber in which BDT molecular devices were mounted inside a liquid He dewar. 
Each device was placed on a 16-pin IC chip carrier socket and then electrically shielded 
inside the vacuum chamber. The detailed circuit diagram of the IETS setup is provided in 
Figure 2.4b. The current was measured using a digital multimeter (Agilent 34410) with a 
16-bit digital-to-analog converter (DAC) as a DC source and a low-noise current amplifier 
(Ithaco 1211). The first (dI/dV) and second (d2I/dV2) derivatives of the current with respect 
to the voltage were measured following the standard AC modulation technique using a 
lock-in amplifier (LIA, Stanford Research Systems SR830). The root-mean-square (rms) 
AC modulation bias was 5 mV at a frequency of 503 Hz. The reference phase was -90 
degrees when the second harmonic was measured for d2I/dV2 (there was no phase shift for 
the first harmonic). Finally, the DC voltage was swept from 0 to 0.3 V. 
 
2.2.3 Electrical characterization 
The electrical characteristics of the device were measured using a semiconductor 




2.3. Results and Discussions 
 
2.3.1. Electrical characteristics of benzenedithiolate molecular devices
 Although alkanethiolates are a common choice for molecular junction test-beds, 
benzene-based conjugate molecules are also important because their conjugate electronic 
structure can induce interesting electrical behaviors with various advantages [42-44]. We 
chose three types of benzenedithiolates because they are the simplest and most widely 
studied conjugate molecules in the field of molecular electronics and also one of the most 
promising families of prototype molecules for studying the fundamentals of charge 
transport. Choosing benzenedithiolate molecules allowed us to compare the data measured 
from our fabricated MLG-interlayer molecular devices with those from benzenedithiolate 
molecular junctions fabricated using other known methods. Various studies have indicated 
that the primary mechanism of charge transport through benzenedithiolate is non-resonant 
tunneling (when the applied voltage is not too high), in which the current density exhibits 
an exponential dependence on the molecular length, as in the case of alkanethiolates [45-
48]. However, because conjugate molecules have far smaller gaps between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
than do saturated molecules such as alkanethiolates, higher conductance is expected. By 
replacing BDT with BPDT and TPDT (thereby increasing the number of phenyl rings), we 
could measure the decay coefficient ( β ) per phenyl ring and compare this β  value with 
previously reported values [45-49]. Figure 2.3a shows the statistically derived current 
density-voltage (J-V) characteristics on a logarithmic scale for all working BDT, BPDT, 








Figure 2.3. (a) Statistically derived J-V characteristics of all working BDT, BPDT, and 
TPDT molecular devices with graphene electrodes. (b) A semi-log plot of the J values at 
different biases versus the numbers of phenyl rings in the BDT, BPDT, and TPDT 
molecular devices. (c) Semi-log plot of the current densities measured at different biases 
from 0.2 to 1 V as a function of the molecular length. This graph shows an exponential 
decrease in the current density as the molecular length increases. (c) J-V-T measurements 
of a BDT molecular device. The temperature was varied from 80 to 280 K in increments 
of 40 K. (d) Arrhenius plot of the J-V-T measurements of the BDT device, presented to 




We fabricated a sufficient number of devices to conduct a statistical analysis for each 
type of molecular junction, and we identified the operating devices by fitting the histograms 
based on a Gaussian distribution function. The range of operation for the devices was 
determined to extend from μ − σ to μ + σ , where μ  is the Gaussian average of the 
current density (in units of A/cm2) at 1 V and σ is the Gaussian standard deviation. The 
error bars marked at ±1 V represent the standard deviations of the operating devices. From 
the operating devices, the log-averaged current densities (J) at 1 V for BDT, BPDT, and 
TPDT were found to be 2.90 A/cm2, 2.39 A/cm2, and 1.62 A/cm2, respectively. These 
results indicate that the current density decreases with an increasing number of phenyl rings. 
Note that the difference per ring is smaller than that observed in the case of alkanethiolate 
molecular junctions because benzenedithiolate molecules form a smaller tunneling barrier 
than do alkanethiolates, i.e., benzenedithiolate molecules exhibit a smaller tunneling decay 
coefficient ( β ). Figure 2.3b presents a semi-log plot of the J values at different biases, 
from 0.2 to 1 V, versus the numbers of phenyl rings in the molecules of the BDT, BPDT, 
and TPDT devices. This graph shows an exponential decrease in the current density as the 
molecular length increases. Based on the non-resonant tunneling model (𝐽𝐽 = 𝐽𝐽0𝑒𝑒−𝛽𝛽𝛽𝛽, where 
β  is the decay coefficient and d is the molecular length), we could determine β  by 
performing a linear fit for each bias. The average β  value was found to be 0.33 ± 0.02 Å-
1 (1.36 ± 0.06 per phenyl ring), in good agreement with previously reported values [45-48]. 
To determine the characteristics of the tunneling transport through our molecular junctions, 
we performed a temperature-varying current density-voltage (J-V-T) analysis to identify 
the temperature dependence of the J-V characteristics. Figure 2.3c depicts the J-V-T 
measurements of the BDT molecular devices. The temperature was varied from 80 to 280 
K in increments of 40 K. Figure 2.3d, which represents an alternate means of plotting the 
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dataset presented in figure 2.3c, shows the Arrhenius plot (J versus 1/T) to verify the type 
of charge transport occurring in the device. This graph shows the temperature-independent 
characteristics of the current density, which imply that the primary mechanism of charge 
transport in our molecular junctions is indeed non-resonant tunneling; this is consistent 
with the results of previous studies [47, 48]. 
 
2.3.2. Bending characteristics of flexible molecular devices 
 
 
Figure 2.4. (a) J-V curve for the BDT molecular devices on the flexible substrate under flat 
conditions (bending radius = ∞). (b) Current densities measured at 0.8 V in different 
bending configurations (bending radii of ∞, 10 mm, and 5 mm). (c) J-V characteristics 
measured throughout 103 bending cycles of repeated 5 mm radius bending using a bending 
machine. (d) Retention characteristics of a molecular device with a 5 mm bending radius. 
A voltage of 0.8 V was applied in intervals of a duration that was increased in increments 
of 100 s up to 104 s. (e) Retention characteristics with voltage switching between +0.8 and 
-0.8 V at intervals of 10 s, where the current persisted up to 5000 s.  
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We also fabricated the same BDT molecular devices with MLG electrodes on a 
flexible PET substrate. PET is attractive for use as a substrate for molecular junctions 
because it offers various advantages such as outstanding durability, thermal stability, and 
weatherproofness [50, 51]. Moreover, PET is insoluble by organic solvents such as ethanol 
and acetone. Because our device fabrication process entails several steps of solution 
processing (SAM deposition in an ethanol solution and PMMA removal in acetone), a PET 
substrate is a suitable choice for the fabrication of our molecular devices. Figure 2.4(a) 
shows the J-V curve for the BDT molecular devices on the PET flexible substrate under 
flat conditions (bending radius = ∞). This graph shows that the order of the current density 
is the same as that for the devices fabricated on the rigid substrate. The reliability of the 
electrical characteristics of the flexible molecular devices was also examined under various 
bending conditions. Figure 2.4b presents the current densities measured at 0.8 V under 
different bending configurations (bending radii of ∞, 10 mm, and 5 mm). The current 
density remained nearly constant regardless of the bending radius. This result demonstrates 
that the electrical characteristics of our molecular devices do not degrade under mechanical 
distortion. Figure 2.4c shows the J-V characteristics measured throughout 103 bending 
cycles of repeated 5 mm radius bending using a bending machine (see the inset of figure 
2.4c). This result confirms the endurance of our devices under continuous, repeated 
mechanical stress. We also performed a retention test with a 5 mm bending radius, as shown 
in figure 2.4d. A voltage of 0.8 V was applied for intervals of a duration that was increased 
in increments of 100 s. Under these conditions, the currents were maintained for up to 104 
s. Figure 2.4e shows the result of a similar measurement conducted with voltage switching 
between +0.8 and -0.8 V at intervals of increasing duration in increments of 10 s, in which 
the currents were again well maintained for up to 5000 s. Based on these results, we can 
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confirm that the electrical characteristics of our molecular devices with MLG electrodes 
are well preserved regardless of mechanical stress. 
 
2.3.3. Inelastic Electron Tunneling Spectroscopy (IETS) Measurements 
 
 
Figure 2.5. (a) Energy band diagram describing the principles of IETS. The black arrow 
represents elastic tunneling, and the red arrow represents transmission through the 
molecule via an inelastic tunneling process. The inelastic channel is available only when 
the bias voltage V0 exceeds the specific phonon energy ħω/e. (b) Circuit diagram of our 
IETS setup. (c) I(V), dI/dV, and d2I/dV2 plots of a BDT molecular device with a graphene 













































In addition to fundamental current-voltage characterization and temperature-
varying measurements, various techniques are available for investigating the charge 
transport characteristics of molecular junctions, including transition voltage spectroscopy 
(TVS), noise spectroscopy, thermoelectric measurements, surface-enhanced Raman 
spectroscopy (SERS), and IETS [52-56]. IETS in particular has been proposed as a 
powerful tool for the detection of unique vibration modes of molecules in a tunneling 
junction. Several studies have been performed concerning IETS measurements of 
alkanethiolate SAMs in nanopore structures, single alkanethiolate or BDT molecules in 
MCBJs, and electromigrated nanogap junctions, as well as the use of scanning tunnel 
microscope (STM) techniques [48, 57-60]. Recently, we reported the results of IETS 
measurements of pure metal-molecule-metal solid-state junctions fabricated using a direct 
transfer method [36]. However, the IETS characteristics of graphene-interlayer molecular 
devices have not yet been verified. Thus, we studied the IETS spectra of our BDT molecular 
junctions with MLG electrodes, which were found to be consistent with previously reported 
theoretical and experimental results [48, 59-66]. From this, we ascertained that IETS 
signals can be successfully observed in graphene-interlayer molecular junctions and 
confirmed the molecular signatures in these junctions. The principles of IETS have 
previously been explained in the literature [61, 62]. Here, we will briefly reiterate them. 
When a negative voltage is applied to an Au/MLG electrode, its Fermi level is raised (figure 
2.5a). Then, an electron on the Au/MLG electrode begins to tunnel into the empty states of 
the right-hand Au electrode through an energy-conserving process known as elastic 
tunneling (black arrow). Alternatively, the electron can also tunnel through the junction 
with an energy loss by delivering an energy quantum, ħω, into a localized vibrational mode 
of the molecule. This energy is used to excite the molecule’s vibrational mode. The electron 
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is eventually transmitted through the molecule through an inelastic tunneling process (red 
arrow). The inelastic channel is available only if the bias V0 exceeds the specific phonon 
energy ħω/e. When only the elastic tunneling channel is open, the current will increase 
linearly with an increase in voltage. However, when the inelastic channel becomes 
available at the threshold voltage (V0 = ħω/e), this effect creates a small shunt in the slope 
of the I-V curve. In the conductance (dI/dV-V) graph, a step is formed at V0. At the same 
time, a peak appears in the second derivative (d2I/dV2-V) graph, namely, an IETS peak. 
Multiple peaks can be observed if multiple molecular vibrational modes exist; therefore, 
analyzing the positions of the IETS peaks informs us of the intrinsic vibrational 
characteristics of the molecule(s) in a junction. Figure 2.5b presents the circuit diagram of 
our IETS setup. Because the inelastic tunneling current is a very small portion of the overall 
tunneling current, it is necessary to use an AC modulation technique with LIAs to directly 
identify the second derivative of the current. We measured the first and second harmonic 
signals, which are proportional to dI/dV and d2I/dV2, respectively; then, after adjusting 
parameters such as the LIA amplitude, LIA sensitivity, current amplifier sensitivity, and 
transformer factor, we identified the exact dI/dV and d2I/dV2 values. Additionally, the IETS 
measurements were performed at 4.2 K to prevent thermal broadening of the signals. Figure 
2.5c shows the I(V), dI/dV, and d2I/dV2 plots of our BDT molecular devices with MLG 
electrodes. The current measurements were performed from 0 to 0.3 V. The current-voltage 
(I-V) graph appears as a smooth curve without any kinks. This shape indicates that the 
contribution from inelastic tunneling is far smaller than the elastic tunneling current, 
causing the slope shunts in the I-V graph to be barely noticeable. However, the conductance 
(dI/dV) curve abruptly increases at certain specific voltages. The shape of this graph shows 
clear evidence of inelastic tunneling. In the d2I/dV2 plot, an obvious inelastic tunneling 
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phenomenon is evident. Several peaks are apparent at 21, 82, 136, and 209 mV, namely, 
the IETS peaks. The first peak, at 21 mV, is the ν(Au-S) peak, which corresponds to a strong 
stretching energy between the thiol end groups and the Au atoms in the bottom electrode 
[48,59-66]. The other three peaks originate from the intrinsic vibrational modes of the 
phenyl ring. The second peak, at 82 mV, is expected to arise from the C-C-C in-plane 
bending mode γ(C-C-C) and the S-C stretching mode ν(S-C) [48, 59-66]. The third and 
fourth peaks, at 136 and 209 mV, originate from the ν(18a) C-H in-plane stretching and 
ν(C=C) stretching modes [48, 59-66]. Our experimental results are well consistent with 
various previous IETS theories and experiments regarding Au-BDT-Au single-molecule 
junctions [48, 59, 60, 64, 66]. As a result, the role of the BDT molecule as an active 
transport channel in our molecular device was confirmed by this IETS experiment. One 
interesting feature is that the intensity of the peaks decreases in the following order: ν(Au-
S) > γ(C-C-C) & ν(S-C) > ν(18a) > ν(C=C). This means that electron tunneling through the 
Au-S bond is the most favorable inelastic pathway in this junction. Lin et al. theoretically 
suggested that the origin of the intensity ordering of the IETS peaks of an Au-BDT-Au 
junction is the rotation of the BDT molecule around its S-S axis and that this rotational 
freedom permits variations in the intensity of each peak [64, 66]. The other noticeable 
feature is that no clear trace of the graphene electrode is observed in the IETS signals even 
though MLG exhibits a strong Raman shift peak at approximately 1580 cm-1 (196 mV) [67]. 
Moreover, many other IETS peaks of graphene have also been reported recently [68-71]. 
However, in this study, we observed only the molecular peaks. This finding implies that the 
graphene electrode in this metal-molecule-graphene system yields only weak signals and 
that the weak graphene peaks were overlapped with stronger molecular excitations. 
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However, further theoretical and experimental studies of the electron-phonon interactions 
in molecular junctions with graphene electrodes will certainly be necessary in the future. 
 
2.4. Conclusion 
In summary, we investigated the electrical characteristics of benzenedithiolate 
molecular electronic devices with graphene electrodes. The devices were fabricated on both 
rigid and flexible substrates. We investigated the basic properties of tunneling transport in 
these devices through current-voltage, molecular-length-dependent, and temperature-
dependent characterizations. Additionally, we examined the reliability of the molecular 
devices fabricated on flexible substrates under various mechanical bending conditions. The 
electrical characteristics of the devices were well maintained in all tested bending 
environments. Finally, we observed the IETS peaks of the fabricated graphene-interlayer 
molecular junctions and demonstrated the role of the benzenedithiolate molecule as an 
active tunneling component in these molecular junctions. This study extends our 
understanding of the electrical characteristics of conjugate molecular junctions with 
graphene electrodes and may thus contribute to the development of reliable device 
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Chapter 3. Interface-Engineered Charge Transport 
Properties in Benzenedithol Molecular Electronic 
Junctions via Chemically p-doped Graphene Electrodes 
 
3.1. Introduction 
In molecular-scale electronic junctions, the interface of the electrode-molecule can 
significantly influence the charge transport characteristics in a quantum-scale system where 
the charge carriers can travel [1-4]. Furthermore, the interfacial characteristics affect the 
performance of organic electronic devices such as organic field effect transistors, organic 
light emitting diodes (OLED), organic photovoltaics, or organic memory [5-9]. For a better 
understanding and to control the charge transport properties of molecular-scale junctions, 
diverse approaches and testbeds have been suggested [10-12]. In particular, vertical 
molecular junction structures using conductive materials on top of molecules such as 
conducting polymers, graphene films, reduced graphene oxide, eutectic gallium and indium 
(EGaIn) have shown advantages in terms of high-yield molecular junctions, reliable charge 
transport, and junction stability [13-17]. However, despite these merits, this type of 
fabricated molecular junction generally uses the conductive material itself with a certain 
work function, which limits the potential for interface modulation because of the fixed 
energy band alignment between the molecular orbital level and Fermi level of the 
electrodes. Therefore, it is important to adopt novel conductive materials as electrode 
materials to achieve controllable charge transport properties. In this regard, atomically thin 
graphene is a promising candidate as an electrode material because it has outstanding 
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flexibility, transparency, conductivity, and furthermore, its electronic structure can be 
easily modified by chemical treatment or other external stimuli [18-20]. Therefore, a 
graphene electrode is suitable not only for development of reliable molecular-scale 
junctions but also for interface engineering, leading to the modulation of band-alignment 
at the graphene-molecule interface. However, it has been uncertain whether the molecular-
scale junction with a doped graphene film can form a reliable molecular junction. Therefore, 
graphene can be a suitable material as an electrode for a reliable molecular junction by 
controlling the energy band alignment at the graphene-molecule interface. However, it has 
been uncertain whether a molecular junction with a chemically doped graphene electrode 
can be reliably formed or not. Once reliable molecular junctions are formed, the effect of 
interface engineering on the charge transport characteristics can be further investigated. 
 Here, we report a reliable molecular junction structure that adopt the chemical p-
type doping method of a graphene film using trifluoromethanesulfonic acid (CF3SO3H, 
denoted as TFMS), which has been recently reported in some of our previous work [21]. 
The molecular junctions were fabricated with benzene-1,4-dithiol (denoted as BDT) self-
assembled monolayers (SAMs) between the multilayer p-doped graphene (four layers) film 
and Au film as the top and bottom electrodes, respectively. We chose the BDT species 
because it is one of the simplest and well-studied conjugate molecular species of the various 
molecular junction platforms [22-26]. To establish different energy level alignments, we 
used pristine graphene (work function of ~4.4 eV) and TFMS-treated p-doped graphene 
(work function of ~5.23 eV) as the top electrode of the molecular junctions [21,27]. From 
statistical analysis, we observed noticeably enhanced charge transport properties and 
lowered transport barriers for the TFMS-treated p-doped graphene-electrode BDT 
molecular junctions. These phenomena originate from increased hole concentration and 
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decreased hole injection barrier at the graphene-BDT interface because the main charge 
transport mechanism of the junction is highest occupied molecular orbital (HOMO)-
mediated non-resonant tunneling [26-28]. In addition, a comprehensive explanation was 
developed using the Landauer coherent transport model considering asymmetric factors 




3.2.1. Molecular Junction Fabrication 
 
 
Figure 3.1. (a) Schematic of the molecular junction in this study (not scaled). (b) SEM and 
TEM images of fabricated molecular junctions. (c) Schematic of TFMS-doped graphene 




Figure 3.1a shows a schematic of a molecular junction consisting of a vertically 
stacked graphene/molecules/Au structure on a SiO2/Si substrate. The bottom electrode was 
made with electron-beam-evaporated Au/Ti (30 nm/5 nm) layers, then 2-µm-radius 
junctions were developed by photolithography and isolated by thermally hardened 
photoresist (AZ5214E from Az Electronic Materials) walls. On the Au surface, the BDT 
SAMs were deposited by a solution process with an ethanol solvent. Then, four-layered 
graphene films were transferred onto the samples by a four times repeated scoop-up process 
of single-layer graphene films which float on water. The single-layer graphene films were 
synthesized by a chemical vapor deposition (CVD) method. We used a four-layers-stacked 
graphene film as the electrode, which was based on our previous study in which we 
achieved high-performance OLEDs with the electrodes of four-layered graphene films 
rather than those with one, two, or three-layered graphene films [29]. Furthermore, there is 
an additional advantage of using multilayer-stacked graphene electrodes by virtue of 
defect-patching effect in component layers, such as point defects, polymer residues, ripples, 
cracks, and pores, which can be generated during graphene film synthesis and transfer [30]. 
When we use only single-layer graphene as the electrode, a filamentary pathway is likely 
to be formed when evaporating the top metal contact pad, which penetrates the junction 
through the inner pore of the graphene, resulting in the electrical short of most molecular 
junctions. However, by using multilayer graphene electrodes, this defect-patching effect 
enhances the coverage and homogeneity of the whole film, which then helps prevent 
electrical shorts and improve the reliability of the molecular junctions. Although 
multilayers of more than four layers may also produce similar properties, we simply used 
four-layer-stacked graphene as the electrode in the molecular junction, which was enough 
to contribute to achieving homogeneous charge injection, reproducible electrical 
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characteristics, and improved reliability of the junction. In this study, two types of graphene 
were prepared: pristine graphene films (not chemically treated) and p-doped graphene films 
that were chemically treated with TFMS to increase the work function and hole 
concentration. Chemical doping was performed after transferring graphene films onto the 
samples. Subsequently, the p-doped graphene films were chemically treated with TFMS. 
Then, the top Au (15 nm) contact pads were deposited by an e-beam evaporator and 
residues were removed by using reactive ion etching. Figure 3.1b shows scanning electron 
microscopy (SEM) and cross-sectional transmission electron microscopy (TEM) images of 
a completed molecular junction. 
 
3.2.2. Characterization of the Graphene Film 
 
Figure 3.2. Atomic force microscopy images of (a) pristine graphene and (b) TFMS-doped 
graphene films. (c) Topographic profiles of these graphene films. (d) Raman spectra of a 
pristine graphene and TFMS-doped graphene films. (e) Pixel-to-pixel distributions of the 
2D, and G mode of the pristine graphene and TFMS-doped graphene films. (f) Hole 
concentration of the pristine graphene and TFMS-doped graphene films. 
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Figure 3.1c shows a schematic of chemically p-doped graphene with TFMS and 
its corresponding energy band diagram before and after chemical treatment. The TFMS 
was dissolved in a nitromethane solvent and then spin-coated onto the graphene films. The 
chemical doping effect is caused by the acidic proton of the TFMS molecule, which binds 
to the graphene and immobilizes an equivalent quantity of electrons [21]. Since the TFMS 
molecules exist only on the top surface of the graphene layers, they do not affect the contact 
property between the SAMs and graphene electrodes. Because of the electron binding 
effect of the TFMS molecules, the TFMS-doped graphene results in a strong p-type doping 
effect with increased work function (0.83 V increase) and decreased sheet resistance (70% 
decrease), simultaneously retains a smooth surface without additional residues or particles 
and shows air stability [21]. There are two possible explanations as to how the TFMS 
molecules present on the top surface of the stacked graphene layers affects the Fermi level 
of the entire graphene layer. First, due to the intrinsic nature of graphene, the density of 
states of graphene is much smaller than that of metal, so the Fermi level of the entire 
graphene system can vary easily, even if the amount of dopant is present on the top surface 
[31]. Second, for the case of CVD-grown graphene, there exists various types of defects 
such as cracks, ripple, or inner pores. Therefore, unlike the ideal assumption that the 
dopants exist only on the top surface, they may actually penetrate into the inner pores inside 
the graphene layers and eventually affect the Fermi level of the entire system. The surface 
morphologies of pristine graphene and TFMS-doped graphene observed by atomic force 
microscopy (AFM) are shown in Figures 3.2a and 3.2b. The prepared pristine graphene and 
TFMS-doped graphene have clean surfaces without noticeable residues. For these images, 
it was confirmed that TFMS doping did not form large particles on the graphene surface. 
In addition, the topographic profiles along the lines in Figures 3.2a and 3.2b show that 
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TFMS doping did not influence the surface roughness (Figure 3.2c). Additionally, an 
increase in the hole concentration after TFMS treatment was verified by the raster scanning 
of Raman spectra. Raman spectra were obtained using a home-built setup operated with a 
514-nm laser [32]. The Raman spectra of the TFMS-doped graphene film showed upshifts 
of the G- and 2D-bands with negligible D-bands, indicating TFMS induced p-type doping 
effect on graphene without generating significant defects (Figure 3.2d). To monitor the 
changes in hole concentration by TFMS-doping, we performed a raster-scanning of 
graphene and verified the distributions of the G- and 2D-band positions of each spectrum 
(Figure 3.2e) [32]. The changes in both the hole concentration and lattice strain can be 
calculated independently depending on the two different axes drawn in Figure 3.2e by using 
any of the measured G and 2D frequencies from Raman spectra of the graphene films [32]. 
By using the measured G and 2D frequencies of the graphene film change along an axis 
with a small slope in Figure 3.2e, the calculated hole concentration of pristine graphene 
and TFMS-graphene was determined as ~3 × 1012 cm-2 and ~1.4 × 1013 cm-2, respectively. 
The determined hole concentration values from Figure 3.2e are summarized in Figure 3.2f, 





3.3. Results & Discussions 
3.3.1. Electrical Characteristics of the Graphene-electrode Molecular 
Junctions 
As we reported previously, the dominant charge transport mechanism of the BDT 
molecular junctions with multilayer graphene electrodes is non-resonant tunneling, as 
demonstrated by molecular length- and temperature-dependent analysis, and inelastic 
electron tunneling spectroscopy (IETS) measurements [27]. The BDT molecular junction 
exhibited a decay coefficient of ~0.34 Å -1, temperature-independent electrical 
characteristics, and apparent IETS peaks [27]. In the present study, we also measured the 
electrical properties of fabricated BDT molecular junctions and found similar charge 
transport characteristics. To statistically verify the effect of the p-doped graphene electrode 
to the charge transport of the molecular junction, we fabricated a sufficient number of 
molecular junctions with pristine multilayer graphene/BDT/Au (denoted as 
graphene/BDT/Au) and TFMS-doped multilayer graphene/BDT/Au (denoted as TFMS-
graphene/BDT/Au) structures. The molecular junctions consisting of the TFMS-doped 
graphene electrode have been successfully fabricated with a reliable yield (> 70 %). Figures 
3.3a and 3.3b show 2-dimensional current density-voltage (J-V) plots and histograms of 
the current values measured at 1 V of all working molecular junctions for the 
graphene/BDT/Au junctions; Figures 3.3c and 3.3d show the data for the TFMS-
graphene/BDT/Au junctions. The inset graphs in Figures 3.3a and 3.3c depict the averaged 
J-V curves for these two types of molecular junctions. The average current density for the 
graphene/BDT/Au junctions was found to be 1.7 × 104 A/m2 at 1 V, whereas for the TFMS-
graphene/BDT/Au junctions, the average current density was found to be 2.0 × 105 A/m2 at 
1 V, which shows clearly enhanced charge transport characteristics when using the p-doped 
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graphene electrode. The average current density was increased order of magnitude for the 
TFMS-doped graphene-electrode molecular junctions compared to that of the pristine 
graphene-electrode molecular junctions. In addition, the averaged low-voltage (from -0.3 
V to 0.3 V) resistance of the TFMS-graphene/BDT/Au junctions was an order of magnitude 
lower than that of graphene/BDT/Au junctions. 
 
 
Figure 3.3. (a,c) Two-dimensional J-V plots of the working molecular junctions for the (a) 
graphene/BDT/Au and (c) TFMS-graphene/BDT/Au junctions. The inset is the average J-
V curve from the measured data. (b,d) Histogram of the current density at 1 V of the 





3.3.2. Transition Voltage Spectroscopy Analysis of the Graphene-electrode 
Molecular Junctions  
 
Figure 3.4. (a,c) The representative TVS data of the (a) graphene/BDT/Au and (c) TFMS-
graphene/BDT/Au junctions. (b,d) Histograms of VT for the (b) graphene/BDT/Au and (d) 
TFMS-graphene/BDT/Au junctions for both voltage bias. 
 
For better insight into the enhanced charge transport phenomena, we performed 
transition voltage spectroscopy (TVS) analysis to estimate the BDT SAMs were deposited 
by a solution process with an ethanol solvent. effective barrier height (i.e., the offset 
between the Fermi energy of the electrode (EF) and energy level of the HOMO (EHOMO)) at 
the electrode-molecule interface. By converting the J-V curve into Fowler-Nordheim (F-N) 
plot, the transition voltage (VT) can be obtained from the inflection point of the F-N plot, 
which equals the barrier height when applying the Simmons tunneling model [33-34]. 




















































Alternatively, by adopting the coherent transport model for the molecular junctions, [35-
37] in which the charge transport is determined by a transmission function that depends on 
the molecular energy orbital levels and degree of electrode-molecule interface coupling, 
the VT (i.e., the inflection point in the F-N plot) is found to be the point where a certain tail 
of the integral of the transmission function enters into the bias window. The VT value is 
therefore closely associated with the barrier height and the amount of coupling at the 
electrode-molecule interface. In this regard, TVS can be used to investigate the energy level 
alignment of the molecular junctions and the interfacial asymmetry characteristics of the 
couplings. Figures 3.4a and 4b show a representative F-N plot and a statistical histogram 
for VT values determined from TVS for the graphene/BDT/Au molecular junctions. 
 
 
Figure 3.5. The representative TVS data of both positive and negative voltage regions for 
(a) graphene/BDT/Au junction and (b) TFMS-graphene/BDT/Au junctions. 
 
The average value of VT was found to be ~1.08 V and was symmetric for positive 
and negative voltage polarities (see Figure 3.5a). Figures 3.4c and 3.4d show similar data 
for the TFMS-graphene/BDT/Au molecular junctions. The averaged value of VT was found 
to be ~0.78 V for both voltage polarities (also see Figure 3.5b), which was ~0.3 V lower 
than that of the graphene/BDT/Au junctions. These results are logical because the work 
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function of the p-doped graphene electrode was increased; therefore, the charge injection 
barrier was lowered in the HOMO-dominating molecular junctions. Our findings are also 
consistent with the experimental data given by Beebe et al [27-28] and Kim et al [37], 
which show a linear relationship between VT and the metal electrode’s work function. 
 
3.3.3 Theoretical Interpretation Based on the Coherent Transport Model 
The charge transport properties in the molecular system can be interpreted from 
the Landauer formula, which describes an I-V relationship with an integral of the 
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(1) 
Here, 𝑓𝑓1,2(𝐸𝐸) = (1 + exp(𝐸𝐸 − 𝜇𝜇1.2) /𝑘𝑘𝑇𝑇)−1  is the Fermi-Dirac distribution function 
where 𝜇𝜇1,2 is the chemical potential for each contact electrode. In addition, T(E) is the 
transmission function that has Lorentzian-shaped peaks around the molecular orbitals as 
  
 






where n indicates each molecular energy level and Г𝑛𝑛,1 or 2  denotes the energy 
broadening corresponding to the molecule-electrode coupling at both sides (Г𝑛𝑛 = Г𝑛𝑛,1 +
Г𝑛𝑛,2 means the total broadening). In a symmetric molecular junction, Г𝑛𝑛,1 and Г𝑛𝑛,2 are 
equal. If the junction is more strongly coupled with one electrode than the other, the 
transmission function will be asymmetrically broadened. Therefore, it is reasonable to 
denote Г𝑛𝑛,1 = η Г𝑛𝑛 and Г𝑛𝑛,2 = (1 − η) Г𝑛𝑛 , where η (0 ≤ η ≤ 0.5) is an asymmetry 
factor (if the junction is symmetric, η = 0.5). Furthermore, the position of the molecular 
orbital will be shifted following the chemical potential of a strongly coupled electrode by 
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the amount of (1/2 − η) V. Assuming only the frontier molecular orbitals (i.e., HOMO 
and lowest unoccupied molecular orbital (LUMO)) are involved in charge transport and the 
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where EF is the average Fermi energy of both electrodes and d is the molecular length. 
Using this formula, we calculated T(E) and I-V curves of the graphene/BDT/Au and TFMS-
graphene/BDT/Au junctions, then VT values were determined at the F-N plots from the 
calculated I-V curves. The results of these calculations are provided in the Figures 3.6~3.8. 
In the calculation, the Fermi energy EF was the average of Au and graphene, or 
Au and TFMS-graphene. The EF of Au, graphene, and TFMS-graphene was 5.1 eV, 4.4 eV, 
and 5.23 eV, respectively. And the highest occupied molecular orbital (HOMO) level and 
the lowest unoccupied molecular orbital (LUMO) level of the BDT molecule were set to 
6.0 eV and 3.6 eV below from the vacuum level (defined as zero eV), respectively. The 
molecular length d was 0.5 nm. By inserting these values, T(E) was calculated for η = 0.1, 





Figure 3.6. Calculated T(E) for (a) graphene/BDT/Au, (b) TFMS-graphene/BDT/Au, and 
(c) Au/BDT/Au molecular junctions.  
 
 
Figure 3.7. Calculated I(V) for (a) graphene/BDT/Au, (b) TFMS-graphene/BDT/Au, and 
(c) Au/BDT/Au molecular junctions. 
 
 
Figure 3.8. Calculated FN plots for (a) graphene/BDT/Au, (b) TFMS-graphene/BDT/Au, 
and (c) Au/BDT/Au molecular junctions. 
 
By integrating these T(E) curves into the Landauer formula, the calculated I-V 
curves are given as Figure 3.7. By switching I-V curve to FN plot (Figure 3.8), the 
transition voltage which is the inflection point of the plot were determined for 
graphene/BDT/Au, TFMS-graphene/BDT/Au, and Au/BDT/Au molecular junctions for η 
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Figure 3.9. (a,c) The energy band diagram of the (a) graphene/BDT/Au and (c) TFMS-
graphene/BDT/Au junctions at zero voltage. (b,d) The energy band diagrams of the (b) 
graphene/BDT/Au and (d) TFMS-graphene/BDT/Au junctions when a finite voltage below 
the VT is applied. (e) The VT versus η graphs of the graphene/BDT/Au (black symbols) and 
TFMS-graphene/BDT/Au junctions (red symbols) calculated based on the Landauer 
formula. Colored areas on the graph indicate the experimental results. 
 
In Figures 3.9a−3.9d, the Landauer transport model is depicted with appropriate 
energy band diagrams. Figures 3.9a and 3.9c show the energy band diagram of the 
graphene/BDT/Au, and TFMS-graphene/BDT/Au junction at zero voltage, respectively. 
The hole injection barrier height was set at 1.25 eV (graphene/BDT/Au), and 0.84 eV 
(TFMS-graphene/BDT/Au), which is the offset between the HOMO of BDT (6.0 eV) and 
the average Fermi energy of the electrodes (EF values of Au, pristine graphene, and TFMS-
graphene were 5.10 eV, 4.40 eV, and 5.23 eV, respectively). Note that for mixed electrodes, 
it is reasonable to assume that an average work function equals the work function of the 
electrodes in the entire molecular junction system [38, 40]. The transmission function 
(shown as a black/red curve in Figure 3.9a/c) of BDT is Lorentzian–shaped and strongly 
coupled to the Au electrode; the peak position matches the HOMO level. The green solid 
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line represents the effective tunneling barrier in the rectangular barrier shape at zero voltage. 
Figures 3.9b and 3.9d show the energy band diagram of the graphene/BDT/Au, and TFMS-
graphene/BDT/Au junctions, respectively, when a finite voltage below VT is applied. In 
this case, the shape of the effective tunneling barrier changes from rectangular to 
trapezoidal. Here, the rise and drop of the energy bands for both electrodes are asymmetric 
with an amount corresponding to the asymmetric factor η. At the same time, the molecular 
level will follow the chemical potential of the strongly coupled Au electrode by an amount 
of (1/2 − η) V (see the shift of the transmission function from the unfilled to the filled 
red curve in Figures 3.9b and 3.9d). As the asymmetry increases, the coupling between the 
graphene electrode and molecular orbital becomes weaker, then the intensity of the 
transmission function peak will decrease. On the other hand, if a junction is symmetric, the 
molecular level will remain at the zero-voltage position. When the voltage reaches VT, the 
barrier changes from a trapezoidal barrier to a triangular barrier and a transition to F-N 
tunneling will occur. In Figure 3.9e, the calculated values of VT are plotted versus η for the 
graphene/BDT/Au and TFMS-graphene/BDT/Au junctions derived from the calculated 
T(E) and I-V data (Figures 3.6 and 3.7). The colored areas on the graph indicate the 
distribution of experimental VT values of the graphene/BDT/Au and TFMS-
graphene/BDT/Au junctions within the standard deviations. With this graph, we found a 
good consistency between the coherent Landauer model and the experimental results. 
Particularly, the calculation results agreed well with experimental data, when η ≅ 0.2 for 
graphene/BDT/Au and η ≅ 0.3 for the TFMS-graphene/BDT/Au junction. Note that the 
difference in η values (0.2 versus 0.3) suggests that the couplings between the 
graphene/BDT/Au and TFMS-graphene/BDT/Au junctions are different. Although the 
selected η values successfully matched the transition voltages measured from the TVS 
40 
 
analysis, there is a possibility that the selected η value itself may be different with ‘actual’ 
η value because the coherent model does not consider any barrier lowering effects resulting 
from the image potential, etc. Furthermore, the contact geometry of molecules on the 
electrode can also affect the shape of the transmission function. Therefore, the coherent 
model may predict a relatively lower transition voltage for a given η value [35] Although 
the η value may be different from the actual η value as mentioned, it can be reasonably 
verified that the coherent model can explain the reduction (by ~0.3 V) in the effective 
barrier height of molecular junction with the TFMS-doped graphene electrode. 
 
3.4. Conclusion 
In summary, we fabricated and characterized vertical-type molecular junctions 
composed of BDT SAMs with multilayer graphene film electrodes. The chemically p-
doped TFMS-graphene was used as the electrode material. The electrical characteristics of 
the molecular junctions with pristine graphene and TFMS-graphene electrodes were 
statistically analyzed. From that, the enhanced charge transport properties were observed 
in the case of the TFMS-graphene electrode molecular junctions, as a result of a lowered 
charge injection barrier in the HOMO-dominating molecular junctions. A theoretical 
analysis based on the coherent transport model that considered asymmetric couplings at the 
electrode-molecule interfaces demonstrated the validity of these results. Our study provides 
promising insight for the control of charge transport by interface engineering in reliable 
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Chapter 4. Unidirectional Real-Time Photoswitching of 
Diarylethene Molecular Monolayer Junctions with 
Multilayer Graphene Electrodes 
 
4.1. Introduction 
To achieve the ultimate miniaturization of electronic devices, a wide range of 
studies in the field of molecular electronics has been carried out over the last decades. 
Important developments include utilization of functional molecules for realizing molecular 
wires, rectifiers, switches, transistors, and thermoelectric devices [1-10]. Among such 
developments, the molecular switch is a promising building block due to its potential as a 
memory device. Usually, a molecular switch consists of two stable isomers and undergoes 
a transition between them upon exposure to an external stimulus such as light, heat, or an 
electric field [11-13]. In particular, light is useful for switching devices because of its 
addressability and compatibility with solid-state device structures. Therefore, the design of 
photochromic molecules is important for molecular switching devices. DAEs form a class 
of photochromes with two different conductance states, i.e., a high conductance (closed; 
ON) and a low conductance (open; OFF) state. In solution, DAEs can be converted between 
these two states by illumination with UV or visible light, respectively. This property makes 
them good candidates for photoswitching devices due to a large conductance difference 
between the two states and their response to light [14-16]. 
As promising photoswitching molecules, DAEs have been utilized in various ways 
with the aim to demonstrate bidirectional switching in molecular devices. For an Au-DAE-
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Au junction, only a unidirectional switching from the closed to the open state has been 
observed [17]. Subsequent theoretical studies have explained this nonreversability of the 
DAE molecular junction by the strong coupling between the molecule and the metallic 
electrode which leads to quenched molecular states [18-19]. On the other hand, 
unidirectional switching from the low- to the high-conductance state in Au-DAE-Au 
single-molecule junctions was obtained by modifying the side-arms and end-groups such 
that they form rigid conjugated molecular wires [20]. These molecules feature a very high 
quantum yield for the ON switching reaction, but a relatively low one for the OFF switching, 
explaining the inversed unidirectional switching. In addition, a similar single DAE 
molecule, bridged between carbon nanotubes [15] or graphene sheets [21], showed a 
unidirectional switching from the open to the closed state, because strong molecule-
electrode couplings between closed state DAE and graphene electrodes enabled the energy 
transfer from the photoexcited molecule to the extended π-electron system in the electrodes 
[7, 21]. To overcome this unidirectional switching in DAE molecular junctions, various 
attempts were made. For example, through the introduction of a cross-conjugated system 
into the DAE molecule, namely meta-substituted phenyl end groups, the high conductance 
state could be stabilized and thereby reversible switching in arrays of Au-DAE-Au 
junctions was demonstrated [22]. For DAE junctions with graphene electrodes, the 
unidirectional switching properties could be turned into bidirectional switching by adding 
alkane groups into both sides of the molecular backbone [7]. This series of studies 
demonstrates that the side-arms and end-groups, which provide the coupling between the 
molecule and the electrodes, play an important role in the switching characteristics since 
they control the energetic alignment between the Fermi level and the current-carrying 
molecular orbitals as well as the molecular orbitals’ linewidth broadening [20, 23]. 
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Molecular photoswitching devices have been developed beyond single-molecule 
junctions to realize large-area molecular junctions based on DAE molecules. Kronemeijer 
et al. demonstrated reliable bidirectional photoswitching for such large-area molecular 
junctions processed with SAMs of DAEs, when poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was used as a top 
interlayer in addition to Au electrodes [24]. However, in our recent work on slightly 
modified DAE molecules, we found no optically-induced switching although the junction 
structure was the same as above [16]. This observation indicates that the mechanisms 
behind the photoswitching phenomenon in large-area molecular junctions still remain 
elusive. 
We have previously reported the observation of bidirectional photoswitching 
behavior in DAE molecular junctions fabricated via self-assembly on an Au bottom 
electrode with a reduced graphene oxide (rGO) top electrode, which can withstand external 
mechanical stress [25]. In the present study, we employ multilayer graphene (MLG) as the 
top electrode in the molecular junction, which shows a superior optical transmittance and 
higher conductance than that of the rGO electrode. At the same time, however, we find that 
the junction no longer exhibits the bidirectional switching behavior; instead, the device can 
only be switched from the OFF to the ON state, i.e., from the open to the closed state of the 
employed 1,2-bis(2-methyl-5-(4-mercaptophenylethynyl)furan-3-yl)perfluorcyclopent-1-
ene DAE. By performing a quantitative analysis in terms of a Landauer coherent transport 
model, we attribute the unidirectionality mainly to an increased electronic coupling 
between the closed state of the molecule and the MLG electrode as compared to the 





4.2.1. Synthesis of MLG 
The MLG film was synthesized by chemical vapor deposition (CVD) on catalytic 
metal surfaces [26-31]. Ni (300 nm)/Ti (20 nm) substrates purchased from Jinsol, Inc. were 
cleaned respectively in acetone, methanol, 2-propanol, and deionized water with an 
ultrasonicator for 10 min each. Then, the substrates were loaded into a CVD system 
(Teraleader Co., Korea) and preheated at 500 °C with a 200 sccm stream of Ar/H2 at 800 
Torr for ~30 min to eliminate the oxidized layer on the Ni surface. Afterwards, the MLG 
films were grown under a gas flow of 15 sccm CH4 and 20 sccm Ar/H2 at 20 Torr for 5 min 
at 900 °C. 
 
4.2.2. Molecular Junction Fabrication 
Figure 4.1a shows a brief schematic diagram of the fabrication procedure used for 
the molecular junctions described in this study. We followed the well-established 
fabrication process that we have previously reported [32-33] We chose poly(ethylene-2,6-
naphthalate) (PEN) (Q83 purchased from Teijin DuPont Film Co., Ltd.) as a substrate 
material for the molecular junctions to enable operation even under mechanically flexible 
conditions. Au (50 nm)/Ti (5 nm) bottom electrodes were deposited onto the PEN substrates 
at a slow deposition rate of ~0.2 Å/s using an electron beam evaporator. Next, a photoresist 
(PR) was spin-coated onto the surface, and circular holes with a radius of 10 μm were 
created on the PR film to expose the surface of the Au electrode by photolithography. The 
patterned samples were hard-baked at 190 °C for ~2 h to enhance the chemical resistance 
to the SAM solution. For the SAM deposition, each sample was dipped into a diluted DAE 
solution (~3 mM in ethanol solvent) for 24 h in a N2-filled glove box with a few drops of 
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ammonium hydroxide (NH4OH) added into the solution, which is required to deprotect the 
acetyl group from the thiol end group. The molecular structure of the DAE under study is 
illustrated in Figure 4.1c.  
 
 
Figure 4.1. (a) Schematic representation of the fabrication process for the molecular 
junctions. (b) Optical (left), SEM (inset), and a cross-sectional TEM (right) image of the 
fabricated molecular junctions. The TEM image is superimposed with an atomic 
composition profile measured by EDS. (c) The chemical structures of the DAE molecule 
in the open (top) and closed (bottom) state. 
 
As described in detail in a previous paper [34] the DAE molecules are known to 
be attached via S-Au bonds to Au surfaces and form a somewhat disordered monolayer. 
Furthermore, X-ray photoelectron spectroscopy (XPS) and model calculations for DAE 
were presented in Kronemeijer et al [24] In that paper, the experimentally estimated 
molecular layer thickness from the analysis of XPS data was ~2.0 nm for the closed state 
and ~2.4 nm the open state. This result implies that the DAE in the closed state exhibits a 
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more tilted off-normal angle than the open state. Also, this observation implies that the 
molecules are in a “standing” configuration with only one thiol bound to the Au electrode, 
instead of a “lying-down” one with both thiols bound to the metal. Afterwards, we softly 
rinsed the samples with anhydrous ethanol and exposed each sample to 360 nm UV or 520 
nm visible light to induce the closed or open state, respectively. Next, the MLG film was 
transferred to the molecular layer to make a contact through van der Waals interaction. The 
detailed procedure for preparing the transfer will be described in the following section. The 
unnecessary MLG part was removed via a shadow mask by means of an oxygen plasma 
treatment (under 10 sccm of O2 gas at 50 W of power) to define each junction. Lastly, we 
once more exposed each sample to light (UV or visible) to ensure that the molecules 
remained in the desired state. The entire process after the SAM deposition was conducted 
in the dark to avoid undesirable effects caused by light exposure. Figure 4.1b shows the 
images of the fabricated molecular junctions obtained from optical microscopy, scanning 
electron microscopy (SEM), and cross-sectional transmission electron microscopy (TEM). 
From the atomic composition profile determined from energy-dispersive X-ray 
spectroscopy (EDS) along the cross section shown in Figure 4.1b, we could confirm that 
the C-rich part exists in the MLG and SAM layer between the surrounding Au parts. On 
the other hand, it was observed that the relative proportion of Au atoms decreased in these 
layers. This observation indicates that the MLG and SAM layers were well deposited and 
clearly distinguishable from the Au electrode. The Au peak at the top reflects an Au 






4.2.3. Preparation of the MLG Top Electrode 
The MLG film of the previous section is synthesized on Ni substrates. 
Subsequently, it is spin-coated with poly(methyl methacrylate) (PMMA, 950PMMA A5 
from MicroChem Corp.) as a dummy layer. The Ni layer beneath the MLG film was etched 
by an iron (III) chloride (FeCl3) aqueous solution. The floating MLG film, detached from 
the substrate, was rinsed with deionized (DI) water more than three times to eliminate the 
adhered Fe and Ni ions. Then, the cleaned MLG film was placed onto the molecular layer 
as the top electrode of the molecular junction. After drying for a few hours to ensure good 
contact with the molecules, the PMMA layer was removed with acetone and isopropyl 
alcohol (IPA). 
 
4.2.4. Electrical Characterization 
The electrical characteristics of the molecular junctions were measured with a 
semiconductor parameter analyzer (Keithley 4200 SCS) and a probe station system (JANIS 





4.3. Results & Discussions 
4.3.1. Characterization of MLG Electrode 
 
Figure 4.2. (a) The measured optical transmittance of a MLG film on a glass substrate. (b) 
Raman spectra for three different areas of a MLG film. (c) A topographic profile of a MLG 
film. The white scale bar in the inset image represents 4 μm. 
 
As depicted in Figure 4.2, we have investigated the optical and morphological 
traits of the MLG film to confirm its suitability for use as the top electrode in Au-DAE-
MLG junctions. Figure 4.2a presents the optical transmittance of the MLG film measured 
under light illumination over a wavelength range from 340 to 780 nm. Since the MLG film 
shows a transmittance of more than 80% at both 360 nm and 520 nm, the material can be 
considered adequately transparent at the wavelengths at which the state of DAE can be 
transformed. The typical D, G, and 2D peaks of the MLG film in the Raman spectrum at 
energy shifts of 1350, 1580, and 2680 cm-1, respectively, are shown in Figure 4.2b. The 
individual colored lines in this graph indicate the Raman peaks for the corresponding areas 
in the optical microscope (OM) image shown in the inset. The region marked by a black 
circle in the OM image has similar intensities for the G and 2D peaks in the Raman 
spectrum (black line). This indicates that the MLG film in that region is relatively thin and 
can be regarded as triple-layer graphene. On the other hand, the height of the 2D peaks is 
approximately half of those of the G peaks in the green and orange encircled regions in the 
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OM image, and thus these areas are considered to be thicker multilayers [35]. Figure 4.2c 
shows the topographic profile of a MLG film transferred onto a SiO2/Si substrate. Each 
colored line in the graph represents the area marked with the same color in the atomic force 
microscope (AFM) image shown in the inset. The normalized count denotes the number of 
pixels for a certain height in each area divided by the maximum value of counts as obtained 
over all heights. This analysis shows that most of the area marked in green in the inset 
image has a thickness of 0.67 nm, which is similar to that of a monolayer of graphene, and 
that the small areas marked in blue have a thickness of 4.18 nm. When zooming in on the 
area of the green region, we find many multilayer features. Therefore, the results are in 
agreement with earlier reports that the MLG film, grown on a Ni substrate, is non-uniform, 
rather thick and optically transparent [26].  
 
4.3.2. Photoswitching Properties of DAE Molecular Junctions 
The current density-voltage (J-V) characteristics and their histograms for the DAE 
molecular junctions with an MLG top electrode are shown in Figure 4.3. The J-V data were 
obtained from the open and closed state junctions, fabricated separately. Figure 4.3a shows 
the histograms of the current density values for each state measured at 1 V from the entire 
set of working molecular junctions (131 molecular junctions in the open state and 111 
molecular junctions in the closed state). Nonworking molecular junctions can be easily 
recognized as short-circuited or open-circuited and are excluded [36] We defined the 
maximum of the Gaussian distribution, fitted to the histograms, as the representative 
current level of each state, as shown in Figure 4.3b. In Figures 4.3c and 4.3d, the two-
dimensional J-V histograms are depicted as contour plots for all the working open and 
closed state junctions, respectively. Although the variance of the current level in the open 
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state is larger than that in the closed state, we find that the current levels of the two different 
states are separated by two orders of magnitude. This means that the molecular junctions 
with the MLG top electrode show distinct electrical properties in response to the light, 
similar to previous reports [25]. 
 
 
Figure 4.3. (a) Histogram of current-density values for all open- and closed-state molecular 
junctions measured at a bias of V = 1 V. (b) Representative logarithmic J-V curves for the 
closed and open state DAE molecular junctions. (c,d) Two-dimensional logarithmic J-V 
plots for intact molecular junctions in (c) open and (d) closed states. Here, J0 = 1 A/cm2 
(see the text). 
 
Subsequently, we examined the phototransition properties of the DAE molecular 
junctions. Figure 4a shows real-time current density (J-t) measurements for three cases: 
open state in the dark (black line), open state exposed to 15 mW UV light (purple line), 
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Figure 4.4. (a) Real-time measurement of the current density for each state with or without 
exposure to light at an applied bias voltage of V = 1 V. The switching time (tturn-on) is 
indicted by an arrow. (b) Histogram for the measured switching time required to transition 
from the open to the closed state. The Gaussian fit to the histogram is shown by the solid 
line, and the average switching time is shown by the dashed line. 
 
All the measurements were carried out under a constant voltage of 1 V, and the 
time on the x-axis of the graph was adjusted to start from the point when irradiation was 
initiated. The current level of the junction in the open state in the dark showed no changes, 
which suggests that the bias voltage applied to the molecular junction cannot induce the 
switching. In addition, for the case of the molecular junction prepared in the closed state, 
the switching behavior could not be observed when exposed to visible light. On the other 
hand, we observed a unidirectional real-time switching behavior from the open to the closed 
state under UV light illumination. The switching time of the representative molecular 
junction for the open state to transition to the closed state upon exposure to UV light was 
found to be 613 s (indicated as tturn-on in Figure 4.4a). 
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Figure 4.5 shows real-time measurement data for 20 molecular junctions in the 
open state, which were changed to the closed state by illuminating with UV light. All data 
was adjusted to start from the point, when the UV light was irradiated. The light was shined 
in for a sufficiently long time until the current density remained constant. The intensity of 
the UV light used was 15 mW. We define the switching time as the time to reach log10(Jset/J0) 
= 4.65, where Jset is 90% of the average current density of the molecular junctions in the 
closed state. The switching times obtained from 21 different molecular junctions were 
distributed as shown in Figure 4.4b. The average switching time for these 21 molecular 











Figure 4.5. Real-time measurement of switching from the open state to the closed state, 
when molecular junctions are illuminated with UV light. Set currents and extracted 
switching times are marked in the plots. 1 V bias was applied in all the cases.  
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3.3 Theoretical Interpretation of the Charge Transport for MLG-DAE junction 
Note that the photoswitching is intrinsically due to the UV-responsive reaction of 
the core of the DAE molecules. From irradiation experiments on a thiophene-derived DAE 
in solution the irreversible formation of a non-photoactive byproduct is known [37]. Such 
process could reduce the number of available fully functional molecular switches 
somewhat, but it would not render the whole device non-functional. However, during 
irradiation of our furan-bearing DAEs in solution a similar fatigue mechanism was never 
observed. 
To gain a better understanding of the charge transport through the molecular 
junctions and to investigate the unidirectional switching behavior, we apply the Landauer 









ℎ ∫ 𝑇𝑇(𝐸𝐸)[𝑓𝑓1(𝐸𝐸) − 𝑓𝑓2(𝐸𝐸)]𝑑𝑑𝐸𝐸
∞
−∞  . (2) 
In Eq. (1), 𝑓𝑓𝑋𝑋(𝐸𝐸) = (1 + exp((𝐸𝐸 − 𝜇𝜇𝑋𝑋)/𝑘𝑘B𝑇𝑇))−1  is the Fermi-Dirac distribution 
function, where 𝜇𝜇𝑋𝑋 is the chemical potential of the electrode X = top or bottom, and 𝑇𝑇(𝐸𝐸) 








    (2) 
 
Here Г𝑛𝑛,𝑋𝑋  indicates the electronic coupling strength of the MO n to the respective 
electrode X, and Г𝑛𝑛 = Г𝑛𝑛,top + Г𝑛𝑛,bottom  defines the total linewidth broadening. 
Counting all energies from the Fermi energy EF as the reference, En is the difference 
between the eigenenergy of the MO and the Fermi energy of the electrodes µX ≈ EF. 
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Since our system consists of many molecules, we calculate the current per molecule 
𝐼𝐼single by dividing the experimentally measured current 𝐼𝐼exp by the number of molecules 
NA in the junction. Here, we choose the coverage N as 4.4 × 1014 cm−2  and 5.4 ×
1014 cm−2 for the closed-state and open-state DAE, respectively [24]. The reason why 
the packing density of the closed state is lower than those of the open state is because the 
energetically most favorable packing and tilt angle (i.e., the optimized molecular 
conformations that minimize the free energy) are different for the closed state and the open 
state [24] The contact area A of the molecular junctions is estimated to be equal to the 
geometric hole size of 314 μm2. Furthermore, we multiplied the current by a 
phenomenological factor c = 3000, because the current per molecule in SAMs has been 
found to be about 3000 times lower than that in a single-molecule junction in the case of a 
conjugated molecular wire [39]. This effect is attributed to the fact that SAMs are more 
effectively screening the external electric field and provide more paths for molecular heat 
dissipation as compared to single-molecule junctions. These factors facilitate the tunneling 
through a single-molecule junction as compared to the SAM system. Finally, since the 
number of molecules that make electrical contact with both electrodes in large-scale 
molecular junctions is only a fraction of the total number of molecules, per molecule the 
contact is less conductive than a single-molecule junction [40].  
Let us point out that we expect various defects in our experimental devices that 
cannot be controlled perfectly. For example, polymer residues, ripples, cracks or voids on 
or in the CVD-grown MLG film will influence the effective contact area with the SAM 
[41-42]. Similarly, defects at the bottom electrode resulting from grain boundaries or 
photoresist residues may cause an irregular arrangement of molecules. Consequently, the 
actual contact area will be altered and distances between the molecules and electrodes will 
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vary [43-44]. Considering these factors, the contact area and the distance between the SAM 
and the MLG can neither be accurately predicted nor measured. 
To simplify the analysis of Isingle, we introduce the following assumptions: (i) The 
contribution from a single MO n=0 determines the current [21, 38]. (ii) Since the 
experimental J-V characteristics are almost symmetric with regard to bias polarity, we 
assume that the coupling strength is symmetric, i.e., Г =  Г0,top + Г0,bottom  and 
Г0,top = Г0,bottom [45]. (iii) The energy level E0 of the SAM system is fixed, when a bias 
voltage is applied between the two electrodes [38, 45-46]. By adopting these assumptions, 







   
(3) 
where the charge injection barrier is given as 𝐸𝐸0 = 𝐸𝐸HOMO − 𝐸𝐸F or 𝐸𝐸0 = 𝐸𝐸LUMO − 𝐸𝐸𝐹𝐹 
with 𝐸𝐸HOMO and 𝐸𝐸LUMO being the energy level of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.  
Let us note that with all these approximations, we use a very simple model to analyze 
the charge transport through the complex Au-DAE-MLG systems. Indeed the symmetric 
single-level model appears to be oversimplified, given that junctions are structurally 
asymmetric. Thus, we expect that the DAE molecules exhibit a weak physical contact to 
MLG and a strong covalent bond to Au, making it necessary to distinguish between the two 
couplings Γ0,bottom and Γ0,top. However, the couplings also significantly depend on the 
intramolecular coupling strength between the central part of the molecule and the contact 
groups at the ends [47]. Indeed, Nijhuis and collaborators showed that both J-V curves as 
well as Γ0,bottom and Γ0,top are almost symmetric for ferrocenyl-based molecules between one 
covalently bound and one physisorbed contact, when the ferrocenyl unit was located at the 
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center of the molecule [48] We therefore hope that the effective parameters Γ and E0, 
extracted from the single-level model, yield meaningful trends. Let us also point out that 
only the absolute value of E0, i.e. |E0|, can be determined from current-voltage 
characteristics. To simplify the notation, we will omit the symbol for the absolute value in 
the following, and assume that E0 ≥ 0. 
As described in a previous publication [38], we have numerically fitted 
experimental Isingle−V curves to estimate Γ and E0 values by adopting the Levenberg-
Marquardt algorithm. Figures 4.6a and 5b show representative Isingle−V curves and the 
corresponding fits for the closed and open states. The fits reproduce the measurements well 
with minimal variation over the whole voltage range. In addition, we conducted the fitting 
for 91 closed-state and 84 open-state molecular junctions, and then extracted Γ and E0 
values for all the junctions. All the Γ and E0 values determined are presented in the scatter 
plot in Figures 4.6c and 4.6d. By averaging these distributions, the effective coupling 
strength Γ for closed and open states was determined to be 1.93 ± 0.12 meV 
and 0.0572 ± 0.0072 meV, respectively, and the corresponding charge injection barrier 
E0 for closed and open states was extracted to be 1.560 ± 0.054 meV  and 0.756 ±
0.012 meV , respectively, as summarized in Table 4.1. Figures 4.7e and 4.7f show 
schematic illustrations of junction structures for closed- and open-state molecular junctions, 
where we have visualized the coupling strength Γ between the molecule and the electrodes 
by arrows of different size. Note that the level alignment E0 shows a complex behavior 
opposite to the naive expectation that E0 in the open state would be higher than for the 
closed state. This expectation is based on the fact that the electronic gap between the 





Figure 4.6. (a,b) A representative Isingle -V curve measured for the (a) closed and (b) open 
state, with the fitting curve (shown as a solid line) calculated based on the Landauer 
formula. The corresponding coupling and level alignment values used in the fits are listed 
at the bottom right of each graph. (c,d) Scatter point plots for (c) Γ and (d) E0 values for 
intact molecular junctions in the closed and open state. The shaded regions represent areas, 
where the data points deviate by no more than 60% from the averages. Here, Γ values for 
the closed and open states are clearly separated from each other, while they mix for E0. (e,f) 
Schematic illustration of junction structures for the (e) closed and (f) open state. The 






Table 4.1. Charge injection barrier (E0) and coupling constant (Γ) as extracted from a set 





Method HOMO (eV) LUMO (eV) Gap (eV) 
DFT (PBE) -4.57 -3.50 1.07 
G0W0 -6.00 -0.40 5.60 
evGW -6.17 -1.97 4.20 
ΔSCF -6.02 -2.13 3.89 
Open 
Method HOMO (eV) LUMO (eV) Gap (eV) 
DFT (PBE) -5.03 -2.74 2.29 
G0W0 -6.76 -1.01 5.75 
evGW -7.07 -0.46 6.61 
ΔSCF -6.32 -1.27 5.05 
 
Table 4.2. Energies of HOMO and LUMO states in open and closed configurations of the 




Calculations using various levels of ab-initio electronic structure theory are 
summarized in Table 4.2. They have been carried out with the help of the program package 
TURBOMOLE [49] As a first method, we have chosen density functional theory (DFT) 
together with PBE [50-52] as exchange-correlation functional. Since the DFT typically 
underestimates quasiparticle gaps substantially by some eV [53], we have computed them 
also with ΔSCF [53], G0W0 [54], and eigenvalue self-consistent GW (evGW) [55].  
All of these calculations show that the HOMO-LUMO gap of DAE decreases, 
when being switched from the open to the closed state. This confirms the assertion made 
in the previous paragraph and matches well with the picture of more delocalized electrons 
in the closed state. Indeed both HOMO and LUMO wavefunctions in the closed state spread 
more strongly over the hole molecule than in the open one, as it is visible in Figure 4.7. It 
is also apparent from the expression for the transmission in Equation (3) that the difference 
in Γ values between closed and open states determines the magnitude of current rather than 
the difference in E0 values.  In particular, it is notable that the effective value of Γ in the 
closed state is more than 30 times larger than that of the open state, while E0 differs only 
by a factor of around 2. Thus, the Γ values explain, why the closed state is more conductive 
than the open one. 
In addition to a previous explanation that the small quantum yield of the ring 
opening reaction reduces the switching rate [20], the relatively strong coupling between 
DAE and MLG electrodes in the closed state may also cause the unidirectional switching. 
It is possible that the strong interaction between the closed state of the DAE molecules and 
the electrode can quench the photoexcited closed state, effectively disturbing the switching 








Figure 4.7. (a) Equilibrium geometry of the DAE molecule in the gas phase in its closed 








Figure 4.8. Representative Isingle-V curves measured for the (a) closed and (b) open state of 
Au-DAE-rGO junctions and corresponding fitting curves. The coupling value and charge 
injection barrier for the Isingle-V curves are shown at the bottom right of each graph. Scatter 
point plots of (c) Γ and (d) E0 values for closed and open states of Au-DAE-rGO junctions.  
 
We also applied the same method to analyze the measurement data for Au-DAE-
rGO junctions (Figure 4.8, Supporting Information) reported in our previous work [25]. In 
Figures 4.8a and 4.8b, representative fitting results are shown for closed and open states, 
both of which were well-fitted. The averaged fitting results, obtained from 10 Au-DAE-
rGO junctions, are given in Table 4.1. The extracted Γ values for closed and open states 
were calculated as 0.462 ± 0.039 meV and 0.250 ± 0.040 meV, respectively, both of 
which are roughly one order lower than the value obtained for the closed state in Au-DAE-
MLG junctions. The effective E0 values for closed and open states were found to be 2.19 ±
0.18 meV  and 2.72 ± 0.38 meV , respectively. As depicted in Figure 4.8c, the 
distribution of Γ values for both states in Au-DAE-rGO junctions is in a similar range 
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within one order, in contrast to the Au-DAE-MLG junctions which showed a significant 
difference in electronic couplings between closed and open states. Level alignments E0 
between open and closed junctions in Fig. S8d practically do not differ. This result 
corroborates that bidirectional switching in Au-DAE-rGO junctions correlates well with 
similar and small Γ values for both closed and open states. 
The HOMO-LUMO gaps determined with ΔSCF, G0W0 and evGW in Table 4.1 
are expected to be more reliable than those of DFT [53], and we find indeed that they are 
much larger than the predictions of DFT. Let us point out that the quasiparticle electronic 
gap values can provide bounds for the level alignment E0, used in the fits with the single-
level model. In particular, it should be less than half of the gap size, E0 ≤ Δ/2, since 
screening effects inside the junctions due to the presence of the electrodes and other 
molecules are expected to reduce the effective electronic gap. While the bandgap values 
obtained from ΔSCF, G0W0 and evGW are compatible with the experimental values for E0 
from Au-DAE-MLG and Au-DAE-rGO junctions in open and closed states, DFT clearly 
violates the approximate relation E0 ≤ Δ/2. 
The different tendency of the Γ values in the Au-DAE-MLG junctions compared 
to those in the Au-DAE-rGO junctions can reasonably explain, why the former junctions 
show unidirectional switching, whereas the latter exhibit bidirectional switching. Our 
analysis reveals that the interaction between the molecules and the electrodes is important 
not only for the overall current level but also for the directionality of the switching behavior. 
We conclude that the interaction between the DAE molecules and different electrode 





In summary, we fabricated and characterized DAE photoswitching molecular 
junctions using Au bottom and MLG top electrodes. We found clearly distinguishable 
electrical properties for the molecular junctions between closed and open states with 
average current levels differing by two orders of magnitude. At the same time we found in 
real-time measurements that the junctions exhibited a unidirectional switching behavior 
from the open to the closed state. To better understand the unidirectionality, we extracted 
electronic coupling and level alignment parameters, Γ and E0, by fitting experimental J-V 
curves with the Landauer formula. The calculated Γ value for the Au-DAE-MLG junctions 
in the closed state was significantly larger than in the open state. A comparison with 
previously measured Au-DAE-rGO junctions, which show bidirectional switching, 
revealed that the electronic couplings Γ correlate well with the photoswitching behavior 
and not the level alignment. By relating the electronic measurements with photoswitching 
device characteristics, we thus attribute the inability to switch to the open state to the strong 
coupling between DAE and the MLG electrode in the closed state together with the low 
quantum yield of the opening reaction. Our study suggests that the electronic coupling 
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Chapter 5. Summary 
 
In this thesis, I described the research results mainly focusing on the electrical and 
photoswitching characterization of the large-area molecaular monolayer junctinos with 
graphene electrode. The main chapters were devoted to electrical properties of 
benzenedithiolate and DAE molecular junctions with CVD-grown multilayer graphene.  
First, I investigated the charge transport behaviors from in length- and temperature- 
dependent analyses. I demonstrated that the primary charge transport of our molecular 
junctions is non-resonant tunneling. Then I also fabricated the same molecular devices on 
flexible substrates. The reliability of flexible molecular electronic devices was examined 
under various mechanical bending conditions. The electrical characteristics of the devices 
were well maintained in all tested bending environments. For the last, I performed inelastic 
electron tunneling spectroscopy (IETS) measurement experiments with graphene-
interlayer molecular junctions. I observed obvious IETS signals indicating unique vibration 
modes of molecules, which consist with previously known values. The existence of 
benzenethiolate molecule as an active device component in graphene-interlayer molecular 
junctions has been explicitly identified. 
And secondly, I fabricated molecular junctions consisting of self-assembled 
monolayers of BDT with p-doped multi-layer graphene electrode. The p-type doping of 
graphene film was done by treating pristine graphene (work function of ~4.40 eV) with 
TFMS acid, resulting increased work function (~5.23 eV). The p-doped graphene-electrode 
molecular junctions statistically showed an order of magnitude higher current density and 
lower charge injection barrier height than those of pristine graphene-electrode molecular 
junctions, as a result of interface engineering. This enhancement is due to increased work 
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function of TFMS-treated p-doped graphene electrode in highest occupied molecular 
orbital-mediated tunneling molecular junctions. The validity of these results was proven by 
theoretical analysis based on coherent transport model considering asymmetric couplings 
at electrode-molecule interfaces. 
In chapter 4, I fabricated and characterized vertical molecular junctions consisting of 
self-assembled monolayers (SAMs) of diarylethene (DAE) contacted by a multilayer 
graphene (MLG) electrode on the top and gold on the bottom. The DAE molecular 
junctions show two stable electrical states, a closed state (high conductance) or an open 
state (low conductance), which are created upon illumination with UV or visible light, 
respectively. For the Au-DAE-MLG junction structure, we observe that the current levels 
between the two conductance states are separated by two orders of magnitude. However, 
in a real-time, I observed only unidirectional switching behavior from the open to the closed 









그래핀 전극 기반 대면적 단분자박막 분자






분자전자학은 단일 분자 또는 자기조립단분자박막을 정류기, 트랜지스
터, 스위치, 메모리, 회로 등과 같은 전자 소자의 핵심 구성 요소로 사용하고
자 하는 연구 분야이다. 분자 전자학은 기존 실리콘 기반 전자 소자의 한계를 
뛰어 넘는 궁극적인 소형화에 도달하는 것을 목표로 하며, 저비용, 높은 집적
도 및 간단한 합성 공정, 단분자를 빌딩 블록으로 사용할 수 있는 이점을 가
지고 있다. 그러나 낮은 소자 안정성, 신뢰성 및 재현성으로 인해 분자 전자학
에는 많은 해결 과제가 산적해 있다. 또한, 분자 접합에서의 전하 수송 특성 
및 전극-금속 계면 특성이 완전히 이해되지 않았다. 따라서, 분자전자소자의 
미래 상용화를 위해서는 신뢰할 수 있는 분자 전자 접합의 제조 및 전하 수송 
특성의 조사가 요구된다. 
이와 관련하여, 먼저 그래핀 전극으로 고수율 및 신뢰성 있는 벤젠다
이티올 계열 분자 접합을 제작하고 전기적 특성을 조사하였다. 분자 접합의 
길이 및 온도 의존적 전기적 특성을 연구했으며, 이로부터 주요 전도 메커니
즘은 비 공진 터널링이라는 것을 밝혔다. 또한 외부 스트레스 환경에서 분자 
접합의 신뢰성을 조사했다. 그런 다음 벤젠-1,4-다이티올 분자 접합의 진동 모
드와 전하 수송 현상을 비탄성전자터널링분광법을 통해 측정하였다. 
둘째, p-도핑 된 그래핀 전극 벤젠다이티올 분자 접합에 관한 연구를 
수행했다. 그래핀 필름의 p-도핑은 프리스테인 그래핀(~ 4.40 eV의 일함수를 가
짐)을 트리플루오로메탄설폰산으로 처리하여 이루어졌으며, 현저히 증가된 일
함수 (~ 5.23 eV)를 얻어냈다. 이로부터, 트리플루오로메탄설폰산-그래핀 전극 
분자 접합에서 전하 수송이 향상되었으며, 향상된 전하 수송 특성이 터널링 
73 
 
분자 접합에서 전하 주입 장벽이 낮아짐에 따른 것임을 확인하였다. 
마지막으로, 그래핀 전극을 가진 다이에릴에텐 자기조립단분자박막으
로 구성된 분자 접합을 제작하고 광스위칭 특성에 대하여 조사하였다. 다이에
릴에텐은 중앙에 있는 고리가 열리고 닫힘에 따라 높은 전도 상태(닫힘 상태; 
ON) 및 낮은 전도 상태(열림 상태; OFF)를 형성하는 광스위칭 기능성 분자다. 
그래핀 전극 다이에릴에텐 분자 접합의 단방향 광스위칭 현상을 발견하고 그 
원인에 대해 분석했다.  
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